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In  this  paper,  a  ceramic  sealant  (CaB204)  is  developed  for  the  self-healing  design  of  solid  oxide  fuel  cells 
(SOFCs).  The  interface  between  this  ceramic  sealant  and  the  anode-supported  electrolyte,  e.g.,  8mole% 
yttria-stabilized  zirconia  (8YSZ),  remains  intact  after  sixty  thermal  cycles  from  800  °C  to  room  temper¬ 
ature.  An  in  situ  observation  verifies  that  the  micro-indentation  on  the  surface  of  this  material  can  be 
healed  when  heating  from  room  temperature  to  920  °C  at  a  heating  rate  of  40°Cmirr1.  In  addition,  the 
weight  loss  of  CaB204,  held  at  850 °C  in  air  for  28  days,  decreases  from  3.26  ±  0.73  for  sealed  species  to 
0.81  ±0.04  mg  cm-2  for  fully  crystallized  species;  meanwhile,  the  weight  loss  of  CaB204,  held  at  850  °C 
in  wet  forming  gas  (30vol%  water  vapor)  for  28  days,  decreases  from  14.80  ±1.83  for  sealed  species 
to  6.36  ±0.64  mg  cm-2  for  fully  crystallized  species.  Combining  with  the  good  mechanical  stability  and 
thermal-stability,  this  self-healing  ceramic  sealant  provides  promising  solution  for  the  sealing  challenge 
of  planar  SOFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Mismatch  of  coefficient  of  thermal  expansion  (CTE)  [1-6],  ther¬ 
mal  gradient  [6-8]  and  system  configuration  [9]  are  major  sources 
for  the  generation  of  thermal  stress  in  solid  oxide  fuel  cell  (SOFC) 
stacks.  In  particular,  even  a  small  CTE  mismatch  may  result  in  sig¬ 
nificant  thermal  stresses  in  an  SOFC  stack,  because  of  the  large 
temperature  difference  between  steady-operation  and  shutdown 
stages.  Such  thermal  stresses  can  cause  delamination  and  micro¬ 
cracking  in  the  critical  layers  of  the  PEN  [10]  and  degrade  the  SOFC 
performance  [9,1 1  ].  Compared  with  glass  sealants,  the  rigid  nature 
of  traditional  ceramic  sealants  makes  them  more  vulnerable  to  the 
harsh  operational  environment  of  solid  oxide  fuel  cells  (SOFCs), 
especially  for  the  thermal  stress  accumulated  during  either  the 
installment  procedure  or  the  following  thermal  cycles. 

Recently,  viscous  glass-ceramics  seals  attract  increasing  atten¬ 
tion,  which  release  the  thermal  stress  by  the  viscous  flow  of  residual 
glass  in  the  operational  temperature  range  (e.g.,  700-900  °C)  of 
SOFCs  [12-16].  The  self-healing  glasses  are  thus  highly  desired  for 
the  long  term  operation  of  SOFCs,  e.g.,  at  800  °C  for  40,000  h.  How¬ 
ever,  most  self-healing  glasses  are  prone  to  crystallize  under  the 
SOFC  operational  condition,  due  to  the  thermodynamic  instability 
[12].  In  addition,  a  stopper  material  is  required  to  maintain  the  geo¬ 
metric  stability  and  structural  integrity  of  self-healing  glass  sealant 
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system,  because  of  the  overflow  of  self-healing  glass  sealants  under 
the  SOFC  operational  condition  [17,18].  Our  recent  work  reveals  a 
crystalline  sealant  (CaB407)  with  desired  self-healing  behavior  at 
about  840  °C,  which  provides  an  additional  approach  for  achieving 
the  sealing  target  of  SOFCs  [19].  However,  the  high  boron  content 
(67  mole%)  leads  to  significant  boron  volatility  during  the  crystal¬ 
lization  process,  which  results  in  a  mixture  of  CaB407  and  CaB204. 

In  this  paper,  attention  has  been  focused  on  a  ceramic  sealant 
with  less  boron  content,  i.e.,  CaB204  (50mole%),  compared  with 
that  of  CaB407  (67  mole%),  to  reduce  the  boron  volatility  and  so 
that  provide  a  more  practical  candidate  for  real  application.  The 
crystalline  nature  of  the  resulting  ceramic  sealant  was  confirmed 
by  X-ray  diffraction  (XRD)  and  Differential  Scanning  Calorime¬ 
try  (DSC).  The  self-healing  behavior  of  this  ceramic  sealant  was 
investigated  using  an  in  situ  optical  microscopy.  In  addition,  the 
mechanical  stability  was  evaluated  by  monitoring  the  sealing  inter¬ 
face  between  ceramic  sealant  and  an  anode-supported  electrolyte 
(8YSZ)  after  sixty  thermal  cycles.  Moreover,  the  thermal  stability  of 
the  ceramic  sealant  was  determined  by  measuring  the  cumulative 
weight  loss  of  species  at  850  °C  in  air  and  wet  forming  gas  (30  vol% 
water  vapor)  for  28  days,  respectively. 

2.  Experimental 

A  50-g  sample  of  glass  was  prepared  from  a  batch  mixture  of 
reagent  grade  calcium  carbonate  and  boric  acid  to  form  a  nominate 
composition  of  50%CaO-50%B2O3  (in  mole%).  The  batch  was  melted 
in  a  fused  silica  crucible  in  air  for  2  h  at  1 1 50  °C  and  the  melt  was 
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Fig.  1.  XRD  pattern  of  the  calcium  borate  ceramic  specimen  with  particle  size  of 
45-53  |jim. 


Fig.  2.  DSC  curves  of  the  calcium  borate  species  with  particle  size  of  45-53  |jim,  for 
(a)  quenched  glass  and  (b)  ceramic  specimen. 


then  quenched  by  de-ionized  water.  Glass  powders  were  crushed 
and  sieved  to  45-53  pm.  The  glass  powders  were  then  sealed  by 
heating  in  air  to  820  °C  at  a  heating  rate  of  2  °Cmin_1,  holding  for 
2  h  and  then  cooling  to  room  temperature  in  furnace.  Some  sealed 
species  were  crystallized  at  850  °C  for  two  weeks  to  obtain  fully 
crystallized  species  (referred  to  as  ‘ceramic  species’).  Some  of  the 
ceramic  species  were  also  crushed  and  sieved  to  45-53  pm. 

The  crystalline  phases  in  the  ceramic  powders  were  identified 
using  X-ray  Diffraction  (XDS  2000,  Scintag,  Inc.)  analysis,  as  shown 
in  Fig.  1.  The  CTE  of  the  ceramic  species  was  measured  using  a 
dilatometer  (DIL402PC,  Netzsch,  Inc.)  at  a  heating  rate  of  5  °C  min-1 . 
The  glass  transition  temperature  (Tg),  crystallization  temperature 
(Tc)  of  the  glass  powders  and  the  melting  point  (Tm)  of  crys¬ 
talline  formed  during  the  heating  procedure  in  the  DSC  instrument 
were  measured  using  Differential  Scanning  Calorimetry  (SDTQ600, 
TA,  Inc.).  The  DSC  curve  of  ceramic  powder,  with  particle  size  of 


45-53  pm,  was  also  collected  for  comparison.  All  DSC  measure¬ 
ments  were  performed  as  described  in  a  previous  work  [19]. 

Some  glass  powers  were  sealed  on  an  anode-supported  8YSZ 
substrate  under  the  same  sealing  condition  mentioned  before.  The 
sealing  couple  was  then  holding  at  850  °C  for  two  weeks  for  fully 
crystallization.  A  thermal  cycle  includes  heating  sealing  couple 
from  room  temperature  to  800  °C  at  a  heating  rate  of  40  °C  min-1 , 
holding  at  800  °C  for  30  min,  and  then  quenching  in  air  to  room 
temperature.  The  interface  between  ceramic  sealant  and  the  anode- 
supported  8YSZ  after  sixty  thermal  cycles  was  cross-sectioned  and 
polished  for  SEM  characterization  (Nova  NanoSEM  230,  FEI,  Inc.). 

Some  micro-indentions  were  created  on  the  surface  of  the 
ceramic  species  using  the  micro-hardness  tester  (DHV— 1000, 
Shanghai  Jinxiang  Group)  at  a  load  of  9.8  N.  The  in  situ  self- 
healing  behavior  was  investigated  by  monitoring  the  change  of 
the  micro-indentations  upon  heating  using  a  high  temperature 


Fig.  3.  SEM  micrograph  for  interface  between  ceramic  sealant  and  the  anode-supported  8YSZ  after  sixty  thermal  cycles  in  air,  (a)  back-scattered  electron  image,  (b)  secondary 
electron  image,  (c)  magnified  image  of  indicated  region  in  (a)  and  (d)  magnified  image  of  indicated  region  in  (b). 
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optical  microscopy  (DM2500P,  Leica,  Inc.).  The  measurement  was 
conducted  from  room  temperature  to  920  °C  at  a  heating  rate  of 
40  °C  min-1  and  held  at  920  °C  for  30  min. 

The  measurement  of  weight  loss  is  detailed  in  Ref.  [20].  All 
species  were  polished  using  SiC  paper  (600  grit)  into  rectangular 
shapes,  placed  on  an  alumina  plate  and  then  held  at  850  °C  for  up 
to  28  days  under  wet  forming  gas  ( 1 0  vol%  H2  and  90  vol%  N2 )  with 
a  flow  rate  of  10mLs-1.  The  forming  gas  was  bubbled  through 
deionized  water  held  at  70 °C  so  that  the  atmosphere  contained 
~30  vol%  water.  The  weight  loss  was  measured  for  each  specimen 
and  the  average  weight  loss,  normalized  to  the  glass  surface  area, 
was  determined  using  three  identical  species.  The  weight  loss  in  air 
was  also  measured  by  similar  procedure  for  comparison. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  pattern  of  the  calcium  borate  ceramic 
specimen  with  particle  size  of  45-53  p,m.  The  standard  diffrac¬ 
tion  pattern  of  CaB204  is  also  included  for  comparison  [21].  It 
is  clear  that  CaB204  is  the  only  crystalline  phase  formed  in  the 
calcium  borate  specimen,  after  the  heat  treatment  at  850  °C  in  air 
for  two  weeks,  which  is  different  from  the  mixtures  of  CaB4Oy 
and  CaB204  observed  in  previous  work  [19].  The  absence  of 
other  borate-containing  crystalline  phases,  such  as  Ca2B20s  and 
Ca3B206,  reveals  that  the  crystallization  schedule  in  present  work 
is  effective  in  avoiding  the  significant  borate  volatility  during  long 
term  crystallization.  In  addition,  the  presence  of  most  diffraction 


Micro-indentation 


5pm 


peaks  corresponding  for  CaB204  in  this  specimen,  e.g.,  (Ill), 
(2  0  0),  (2 1  0),  (0  4  0)  and  (031),  confirms  the  crystalline  nature  of 
such  ceramic  species. 

The  DSC  curves  of  the  calcium  borate  species,  with  particle  size 
of  45-90  pm,  are  shown  in  Fig.  2.  The  glass  transition  temperature 
(651  ±  5  °C)  and  the  peak  temperature  of  crystallization  (793  ±  5  °C) 
in  the  DSC  curve  of  the  quenched  glass  (Fig.  2a)  indicate  its  amor¬ 
phous  state;  the  absence  of  the  glass  transition  temperature  and 
crystallization  exothermic  peak  in  the  DSC  curve  of  the  ceramic 
specimen  (Fig.  2b),  after  the  heat-treatment  at  850  °C  in  air  for  two 
weeks,  confirms  that  the  specimen  has  been  fully  crystallized.  The 
melting  point  of  the  crystalline  phase,  formed  in  the  quenched  glass 
during  the  heating  procedure  in  the  DSC  instrument,  is  close  to  that 
of  the  crystalline  phase  in  the  ceramic  specimen  after  fully  crystal¬ 
lization  ( 1 01 7  ±  5  °C  vs.  1 000  ±  5  °C),  indicating  that  the  crystalline 
phase  does  not  change  after  the  long  term  crystallization.  Combin¬ 
ing  with  the  XRD  pattern  (in  Fig.  la),  the  melting  process  observed 
in  the  DSC  curves  can  be  assigned  to  the  only  crystalline  phase, 
CaB204,  in  present  work. 

Fig.  3  shows  the  micrograph  of  the  interface  between  ceramic 
sealant  and  the  anode-supported  8YSZ  after  sixty  thermal  cycles. 
The  clean  interface  between  ceramic  sealant  and  the  dense  8YSZ 
in  back-scattered  electron  mode  (Fig.  3a)  and  secondary  electron 
mode  (Fig.  3c)  indicates  that  the  good  chemical  compatibility  of  this 
ceramic  sealant  with  electrolyte.  In  spite  of  the  large  CTE  difference 
between  ceramic  sealant  and  8YSZ  (7.0  K_1  vs.  10.0  x  10-6  K-1 ),  no 
cracks  can  be  observed  in  the  magnified  images  of  the  interface  after 


(b) 


(d) 


Fig.  4.  In  situ  optical  images  of  the  calcium  borate  ceramic  specimen,  for  (a)  820  °C,  (b)  890  °C,  (c)  920  °C  and  (d)  920  °C  for  4  min. 
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Fig.  5.  The  weight  change  of  the  calcium  borate  species  at  850  °C  for  28  days,  (a)  in 
air  and  (b)  in  wet  forming  gas  (30  vol%  water  vapor).  The  dashed  lines  are  guides  for 
eyes. 


sixty  thermal  cycles  (in  Fig.  3b  and  d).  It  is  also  worth  noting  that 
the  thermal  cycles  in  present  work  were  carried  out  in  a  more  harsh 
way  (about  90  min)  than  that  of  other  works  in  literature,  e.g.,  500  h 
for  one  thermal  cycle  [22].  Therefore,  the  CaB204  ceramic  sealant 
exhibits  good  mechanical  stability  in  present  work,  since  cooling 
step  to  room  temperature  is  found  to  be  the  most  aggressive  one  in 
terms  of  creating  high  stress  at  the  sealing  interface  [14]. 

Fig.  4  shows  the  change  of  the  micro-indentations  on  the  surface 
of  ceramic  sealant  upon  heating,  monitored  by  a  high  tempera¬ 
ture  optical  microscopy.  It  is  clear  that  some  micro-indentations, 
marked  by  the  dash-line  circle,  keep  shrinking  when  the  tempera¬ 
ture  increases  from  820  °C  (Fig.  4a)  to  890  °C  (Fig.  4b)  and  to  920  °C 
(Fig.  4c).  In  addition,  the  blunting  of  micro-indentations  tips  is  obvi¬ 
ous  upon  heating  from  820  °C  to  920  °C.  Finally,  the  spherodization 
of  the  micro-indentations  can  be  observed  when  holding  at  920  °C 
for  4  min  (Fig.  4d),  indicating  that  such  ceramic  specimen  can  be 
self-healed  immediately  under  this  condition,  e.g.,  920  °C  for  4  min 
in  present  work.  The  self-healing  behavior  of  this  ceramic  sealant 
can  be  correlated  with  the  visco-elastic  flow  of  CaB204  crystalline 
at  temperatures  close  to  its  melting  point;  the  tiny  amount  of 
residual  glass,  if  presents,  is  not  enough  for  inducing  the  observed 
self-healing  process,  considering  the  absences  of  glass  transition 
and  crystallization  behaviors  in  the  corresponding  DSC  curve  (in 
Fig.  2).  The  visco-elastic  flow  of  CaB204  also  contributes  to  the  good 
mechanical  stability  of  such  sealant,  which  releases  the  thermal 
stress  and  therefore  avoids  the  initialization  of  cracks  at  the  sealing 
interface  during  thermal  cycles  (in  Fig.  3). 

The  cumulative  weight  loss  of  calcium  borate  species  at  850  °C  in 
air  and  wet  forming  gas  (30  vol%  water  vapor)  as  a  function  of  time  is 
shown  in  Fig.  5.  The  weight  loss  of  ceramic  species  in  both  oxidizing 
and  reducing  atmospheres  accumulates  at  a  decreasing  rate  when 


the  heat-treatment  time  increases,  in  agreement  with  the  diffusion- 
controlled  characteristic  of  boron  volatility  [20].  The  weight  loss  of 
CaB204,  held  at  850  °C  in  air  for  28  days,  decreases  from  3.26  ±  0.73 
for  sealed  species  to  0.81  ±0.04  mg  cm-2  for  ceramic  species.  In 
addition,  the  weight  loss  of  CaB204,  held  at  850  °C  in  wet  forming 
gas  (30vol%  water  vapor)  for  28  days,  decreases  from  14.80  ±  1.83 
for  sealed  species  to  6.36  ±0.64  mg  cm-2  for  ceramic  species.  The 
improvement  in  the  thermal  stability  of  ceramic  specimen  can  be 
attributed  to  the  crystallization  of  borate-containing  phase,  i.e., 
CaB204,  wherein  the  volatile  species  (Boron)  are  blocked  by  numer¬ 
ous  grains  (in  Figs.  1  and  3). 

Boron  is  well  known  for  improving  the  sealing  properties  of 
glasses,  e.g.,  the  dramatic  reduce  in  the  glass  transition  temper¬ 
ature  (Tg)  as  well  as  the  softening  temperature  (Td)  [23].  Flowever, 
it  is  also  notorious  for  high  volatility  from  glasses  at  high  tempera¬ 
ture,  especially  with  the  presence  of  water  vapor  [20,24].  Therefore, 
the  maximum  borate  content  in  sealing  glasses  should  be  1 0  mole% 
or  less  to  reach  a  compromise  between  the  sealing  properties  and 
volatility  (or  thermal  stability).  The  finding  of  self-healing  CaB204 
crystalline  sealant,  combining  with  good  mechanical  stability  and 
improved  thermal  stability,  provides  a  novel  design  for  performing 
the  sealing  target:  the  glass  matrix  with  sufficient  borate  content 
provides  desired  sealing  properties  for  joining  process,  e.g.,  low  Tg 
and  Td;  the  borate-containing  crystalline  phase,  CaB204,  formed 
by  controlled  crystallization  from  the  glass  matrix,  fulfills  the  self- 
healing  requirement  in  routine  operation  of  SOFCs.  In  addition,  the 
good  mechanical  stability  of  this  ceramic  sealant  can  also  attributed 
to  the  visco-elastic  flow  of  the  CaB204  crystalline,  which  releases 
the  thermal  stress  generated  during  thermal  cycles  and  results  in 
the  crack-free  interface  between  sealant  and  the  anode-supported 
electrolyte.  Moreover,  the  relative  lower  boron  content  of  CaB204, 
compared  with  that  of  CaB407  in  previous  work  [19],  makes  it  more 
feasible  to  be  incorporated  into  a  traditional  rigid  sealant  system, 
which  possesses  the  desired  structural  integrity  of  the  sealing  sys¬ 
tem  [25]. 


4.  Conclusions 

The  borate-containing  crystalline  phase,  CaB204,  exhibits  a  self- 
healing  property  upon  heating  from  room  temperature  to  920  °C 
at  a  heating  rate  of  40°Cmin-1.  In  addition,  the  sealing  couple 
of  ceramic  sealant/anode-supported  8YSZ  shows  good  mechanical 
stability  during  sixty  thermal  cycles,  due  to  the  visco-elastic  flow 
of  such  sealant.  Moreover,  the  formation  of  borate-containing  crys¬ 
talline  phase  contributes  to  the  improved  thermal  stability  in  both 
oxidizing  and  reducing  atmospheres,  due  to  the  block  of  the  volatile 
boron  by  numerous  grains.  The  finding  in  this  crystalline  phase  pro¬ 
vides  new  insights  into  the  integration  of  self-healing  property, 
mechanical  stability  and  thermal  stability  of  sealants,  which  will 
expediate  the  commercialization  of  planar  SOFCs. 
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